We report on the complete scaling analysis of low temperature electron transport properties with and without magnetic field in the critical regime for the metal-insulator transition in two series of homogeneously doped p-type Ge samples: i) nominally uncompensated neutron-transmutation-doped (NTD) 70 Ge:Ga samples with the technological compensation ratio K < 0:001, and ii) intentionally compensated NTD nat Ge:Ga,As samples with K ¼ 0:32. For the case of the uncompensated series in zero magnetic field, the critical exponents , , and determined for the electrical conductivity (), localization length (), and impurity dielectric susceptability ( imp ), respectively, change at the very vicinity of the critical Ga concentration (N $ N c ). Namely, the anomalous critical exponents, e.g.
Introduction
The metal-insulator (MI) transition in the presence of both disorder and electron-electron interaction turns out to be one of the most challenging subjects in condensed-matter physics. Despite many decades of theoretical [1] [2] [3] [4] [5] [6] and experimental efforts, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] researchers are yet to agree upon an unified description of the phenomena. 25) The dopinginduced MI transition in single crystalline semiconductors is the best example of disorder and interaction induced transition that has been studied extensively via measurements of physical quantities such as the electrical conductivity, dielectric constant, and heat capacity. In particular, the critical behavior of the electrical conductivity at zero temperature ð0Þ has been evaluated as a function of a parameter t that describes the degree of the disorder and interaction;
where is the conductivity critical exponent and t c is the critical value of t that separates the insulating and metallic phases. The MI transition in semiconductors has been investigated as a function of the doping concentration (N), externally applied magnetic field (B), and externally applied uniaxial stress (S), i.e., t N; B; S, and t c N c ; B c ; S c , respectively, in eq. (1) . In this paper we probe the MI transition in nominally uncompensated and intentionally compensated Ge:Ga samples by tuning N and B.
Since the classic experiment of Rosenbaum et al. that showed % 0:5 for stress (S)-tuned Si:P, 8) a wide variety of experiments probing the value of has been performed on nominally uncompensated semiconductors as a function of N or S in the absence of the externally applied magnetic field B. The results are truly puzzling as summarized in Table I . One immediately sees in Table I that different values of have been reported even for the same system. % 0:5 is puzzling from a theoretical point of view since it violates Chayes et al.'s inequality ! 2=3 26) assuming Wegner's scaling law ¼ for the three dimension 27) where is the critical exponent for the localization length and for correlation length 0 . Table I . Conductivity critical exponents () reported for a wide variety of nominally uncompensated (K % 0) semiconductors in the absence of externally applied magnetic field.
Semiconductor system
Si:P 0.5, 2 The following example of the Si:P situation illustrates very well how various research groups have reached different values of . Because the MI transition discussed here is considered to be a quantum phase transition that occurs at zero temperature, one has to rely on particular theoretical models to extrapolate information, which represents the zero-temperature states of physical parameters such as electrical conductivity , localization length , impurity dielectric susceptability imp , etc. Rosenbaum et al. have measured the temperature dependence of of nominally uncompensated Si:P down to T ¼ 3 mK with finely-tuned uniaxial stress S, and estimated the zero temperature conductivity ð0Þ for a given S by linear extrapolation of to T ¼ 0 K assuming / T 1=2 . They determined % 0:5 by achieving a good fit for a wide range on the metallic side (0:7S c < S < S c ) of ð0Þ vs S by eq. (1). 8) More recently, a group from Universität Karlsruhe questioned the relatively wide range of N and S that could be fitted with % 0:5, and proposed % 1:3 on N-tuned Si:P by redefining N c at a value 6% smaller than that of Rosenbaum et al., and by limiting the critical region only to N c < N < 1:07N c . 10) Rosenbaum et al. immediately argued that the % 1:3 region analyzed by the Karlsruhe group was an artifact due to an inhomogeneous dopant distribution, 28) but the Karlsruhe group responded that only the region scalable with the so-called finite temperature analysis should be considered as the true critical region. 29) The finite temperature scaling takes the form; 5) ðt; TÞ / T x f ðjt=t c À 1j=T
Here y ¼ 1=z where z is the dynamical scaling exponent. The critical exponent is given by ¼ x=y. Equation (2) has two advantages over the conventional analysis involving eq.
(1). Firstly, eq. (2) allows one to use values of ðt; TÞ recorded at finite temperatures, i.e., the conventional extrapolation to T ¼ 0 can be avoided. Secondly, eq. (2) allows one to evaluate ðt; TÞ recorded on the both sides of the transition (t < t c and t c < t), while eq. (1) can be used only on the metallic side. The Karlsruhe group has shown that their N-tuned data scale according to eq. (2) only in the vicinity of N c and not for the wide range evaluated by Rosenbaum et al. In the same spirit, the Karlsruhe group has further analyzed the data of S-tuned Si:P and obtained % 1 by limiting the critical region only to the vicinity of S c . 9) In our view, the situation similar to Si:P applies to all the other systems listed in Table I . Researchers, including ourselves, 19) have obtained % 1 for nominally uncompensated systems only when they have limited the critical region to a very small range, typically within a few percent of N c or S c . It should also be noted that the values of reported for intentionally compensated samples were always % 1 for a wide range of N above N c ; very often up to 50% and more. [30] [31] [32] [33] [34] The relation between % 1 observed only in the vicinity of t c in nominally uncompensated samples and the similar % 1 observed for a wide range above t c in intentionally compensated samples must be clarified.
Moreover, it is important to point out that many of the previous experiments performed on the nominally uncompensated samples were not supposed to be able to analyze such a small region, within a few percent of N c or S c , because a typical spatial fluctuation of the doping concentration within a typical sample size of a few mm could easily be a few percent when it was prepared by the standard meltdoping method. 35) In this regards, Rosenbaum et al.'s warning against the analysis of the very vicinity of t c 28) should be taken very seriously. Doping fluctuations also make it impossible to determine N c and S c precisely for the reliable determination of . Only a few experimental groups, including ourselves, have recognized this problem and employed a method known as neutron-transmutation-doping (NTD) in order to realize completely homogeneous doping down to the atomic level. 15, [17] [18] [19] [20] [21] [22] [23] [24] 32) The NTD preparation of samples is absolutely crucial for the successful scaling analysis as we will show in this paper.
The present paper reports the experimental studies on the effects of the doping compensation and externally applied magnetic field on the MI transition of doped semiconductors. In order to better illustrate the significance of the present results, we shall summarize important conclusions of our earlier results [17] [18] [19] [20] [21] [22] [23] [24] at the beginning of the paper, and proceed to the discussion of the compensation and applied magnetic field.
Experiment

Sample preparation and characterization
A 36) i.e., technological K < 0:001. Note here that the so called self-compensation near N % N c may lead to a larger K.
37) The dimension of most samples used for conductivity measurements was 6 Â 0:9 Â 0:7 mm 3 . Four strips of boron-ion-implanted regions on a 6 Â 0:9 mm 2 face of each sample were coated with 200 nm Pd and 400 nm Au pads using a sputtering technique. Annealing at 300 C for one hour activated the implanted boron and removed the stress in the metal films. The Ga concentration N in our 70 Ge samples after NTD is given precisely by
where n is the thermal neutron fluence. 
Measurements
The electrical conductivity () of the nominally uncompensated samples has been measured using a standard lockin method at 21.0 Hz down to T % 20 mK. The cryostat and all the analog instruments were placed inside a shielded room. The temperature of samples in a 3 He- 4 He dilution refrigerator has been calibrated very carefully as described in ref. 18 . Magnetic fields were applied in the direction perpendicular to the current flow by means of a superconducting solenoid. The influence of the magnetic field on the temperature calibration has been examined. 40) The conductivity measurements of the compensated samples were performed using a 3 He refrigerator down to T % 300 mK. The two point measurements with the implanted contacts were employed for many of the high resistivity samples. Sample heating was avoided by using an electrical power of less than 10 À14 W.
Results I: Nominally Uncompensated NTD
70 Ge:Ga Samples 3.1 Zero-temperature scaling analysis of the metallic samples The temperature dependence of the electrical conductivity ðTÞ for eight samples with positive d=dT in the scale of T 1=3 is shown in Fig. 1 . 19 ) N c ¼ 1:859 Â 10 17 cm À3 for this nominally uncompensated series of samples as it will be shown later by numerical fitting with eq. (2). Based on this finding, the concentrations N of Ga of the eight samples lie between 0:994N c and 1:028N c with the top three samples being metallic at T ¼ 0 K. Mott's minimum metallic conductivity min for Ge:Ga is estimated to be 7 S/cm using the
with C M ¼ 1=20. The temperature dependence of ðTÞ is expected to be proportional to T 1=2 when it is governed mainly by electron-electron interaction. Therefore, ð0Þ is obtained usually by extrapolation assuming ðTÞ / T 1=2 , and such an analysis was performed in our earlier work.
17) However, we have subsequently found that the samples near the transition (<1% of N c ) obeyed / T 1=3 instead of T 1=2 as shown in Fig. 1 . 18) This observation of the change in the temperature dependence from T 1=2 to T 1=3 as N approaches N c is interesting because T 1=2 is predicted when interaction is important (Mott transition) while T 1=3 is expected 41) when disorder is dominant (Anderson transition).
42) It indicates that the nature of the transition for the two concentration regions, N c < N < 1:01N c and 1:01N c < N, is different for our nominally uncompensated samples.
In ref. 18 we have developed a method that allows for an appropriate extrapolation of ðTÞ to T ¼ 0 when the temperature dependence changes from Figure 2 shows the zero-temperature conductivity ð0Þ determined for a total of twelve metallic samples, including the three metallic samples with filled marks in Fig. 1 , that we measured previously 18, 19) as a function of N=N c À 1. The best fit to the twelve data points with eq. (1) yields ¼ 0:50 AE 0:04 with N c ¼ 1:860 Â 10 17 cm À3 , 18) i.e., N c ¼ 1:860 Â 10 17 cm À3 is employed for the horizontal axis of Fig. 2(a) . On the other hand, as we will show later, the best fit with eq. (2) 
Finite temperature analysis
19)
The dependence ðN; TÞ / T 1=3 at N $ N c immediately implies x $ 1=3 in eq. (2) since the contribution to the temperature dependence from the f ðjN=N c À 1j=T y Þ term becomes small for the region N $ N c . It was also shown in Fig. 2(a) for a wide range of the concentration N c < N < 1:4N c that ¼ 0:5 when the conventional zero temperature analysis was performed with N c ¼ 1:860 Â 10 17 cm À3 . Therefore, x ¼ 1=3 and y ¼ 2=3 in eq. (2) are expected from the relation ¼ x=y for the analysis of the wide concentration region N c < N < 1:4N c . Figure 3(a) shows the finite temperature scaling plot of ðN; TÞ using eq. (2) with x ¼ 1=3, y ¼ 2=3, and N c ¼ 1:860 Â 10 17 cm À3 . ðN; TÞ recorded between T ¼ 20 and 750 mK was used for the analysis in Fig. 3(a) . Fairly good scaling was obtained on the metallic side as expected, while scaling on the insulating side is clearly unsatisfactory. In order to find a better set of x, y, and N c , numerical fitting has been performed using the following non-linear equation;
It is important to stress here that the conductivity of both the metallic and insulating samples must be described by a single scaling function, e.g., eq. (5) with a single set of parameters. When we impose this strict restriction, it is not possible to achieve satisfactory fitting with eq. (5) for the samples with the wide range of N used in Fig. 3(a) . Figure 3 (b) shows the result of the fitting analysis when the critical region was limited to N ¼ N c AE 0:01N c , i.e., only the data from five insulating and two metallic samples closest to the transition are fitted. The solid curve in Fig. 3(b) is the best fit obtained numerically with
, and a 3 ¼ 3:15 Â 10 6 in eq. (5), which agree very well with the conductivity of both the metallic and insulating samples. A similar fit with a fourth-order equation leads to practically the same set of parameters with the absolute value of the fourth-order term being much smaller than those of the lower-order terms, i.e., third-order fitting is sufficient. The major consequence of this analysis is ¼ x=y ¼ 1:2 AE 0:2 which satisfies the Chayes et al.'s inequality ¼ ! 2=3. 26) Although the range of N we chose for scaling may appear to be quite small, we emphasize again that this range is the only region that can be scaled with eq. (2) and that the seven samples included are the only ones having ðN; TÞ / T 1=3 with approximately the same slope Since it has become clear from the finite temperature scaling and the zero-temperature scaling of the metallic conductivity that the nature of the conduction within AE1% of N c is different from that of outside (N < 0:99N c and 1:01N c < N), it becomes important to evaluate the behavior of the charge transport on the insulating side in detail. Figure 4 shows the temperature dependence of the resistivity of eighteen insulating samples in the temperature range T ¼ 20{250 mK. In general the temperature dependence of the resistivity for variable range hopping conduction is given by
where p ¼ 1=4 and 1=2 have been predicted for hopping across 1) and within 43) a parabolic-shaped Coulomb gap in the density of the states, respectively. q ¼ 0 is usually assumed since the temperature dependence in the strongly localized regime is determined mainly by the value of p in the exponential term. Note that ln is plotted against T À1=2 in Fig. 4 because most of the curves in the low temperature limit appear to form straight lines supporting the relation ln / T À1=2 . However, a closer inspection of the samples close to N c has revealed that q ¼ À1=3.
20,21) Figure 5 (a) shows ln vs T À1=2 for the four samples close to N c that do not actually obey eq. (6) when q ¼ 0 is assumed. On the other hand, it becomes consistent with eq. (6) when q ¼ À1=3 is assumed as seen from the straightness of the data in the plot of ln T 1=3 vs T À1=2 in Fig. 5 (b) with respect to that in (a). / T À1=3 is consistent with the observation ¼ À1 / T 1=3 in Fig. 1 . Because the variable range hopping theory of Efros and Shklovskii 43) applies to our nominally uncompensated samples all the way to N c from the insulating side, we shall use the following relation to scale T 0 in eq. (6) with p ¼ 1=2 and q ¼ À1=3: 44) which agrees surprisingly well with the data in the ¼ 1 region. However, it is obvious that we expect 0 to be the dielectric susceptability of a single Ga acceptor instead of h ¼ 15:4 for the critical region. The dashed curve in Fig. 6 is the best fit to T 0 for the 0:99N c < N < 0:999N c region using eq. (8) with ¼ 3:5, 0 ¼ 2 Â 10 À4 , and 0 ¼ 8 nm. Note that the value 0 ¼ 2 Â 10 À4 is reasonable for a single Ga acceptor.
3.4 Scaling of the localization length and the impurity dielectric susceptability imp for N ! N c from the insulating side 21) Our next step is to separate T 0 into and imp based on the magnetoresistance measurement performed on our nominally uncompensated series of insulating samples that demonstrates Efros and Shklovskii's variable range hopping conduction all the way up to N c . For = ( 1, the magnetoresistance of the variable range hopping is expressed by; 43) ln½ðB; TÞ=ð0; TÞ % 0:0015
where ffiffiffiffiffiffiffiffiffiffi h " =eB p is the magnetic length in SI units. According to eq. (9), the magnetic-field variation of ln at T ¼ const. is proportional to B 2 , i.e., ln ðB; TÞ ¼ ln ð0; TÞ þ CðTÞB 2 , and the slope CðTÞ is proportional to T À3=2 . Since eq. (9) is equivalent to
is given by
Therefore, it is possible to determine of each sample from the magnetoresistance measurements and calculate imp using eqs. (7) and (11) . Details of such procedures have been given in ref. 21 . Figure 7 shows and imp ¼ À h determined for our nominally uncompensated samples. 21) We should note that both and imp are sufficiently larger than the Bohr radius (8 nm for Ge) and static host dielectric constant of Ge À , respectively, as shown in Fig. 7 . The most important outcome here is the experimental confirmation of Wegner's scaling law 27) % (% 1:2) and the prediction of the scaling theory 2 % (% 2:3) for the region 0:99N c < N < 0:999N c . On the other hand, % 0:5 determined from the zero temperature extrapolation, is not equal to % 0:33 for the region N < 0:99N c , though the relation 2 % ð% 0:62Þ is satisfied. It was already indicated by the finite temperature scaling that only the region within 1% of N c is scalable with eq. (2). The fact that Wegner's scaling law is valid only within 1% of N c supports our earlier finding that the scaling theory is applicable only to the region within 1% of N c and not to the region outside for the case of the nominally compensated Ge. 
Results II: Deliberately Compensated NTD
nat Ge:Ga Samples Figure 9 shows the temperature dependence of the resistivity for thirteen deliberately compensated (K ¼ 0:32) NTD nat Ge:Ga,As samples analyzed in this study. Some of the data (open circles), which have been published in ref. 39 , were provided by Professor Zabrodskii. The ranges of temperatures used for the measurements are T ¼ 0:25{1 K and 0.65-2 K for filled and open circles in Fig. 9 , respectively.
For our deliberately compensated series, the critical exponent ¼ þ for T 0 has been determined experimentally by evaluating the slope T 0 of each sample shown in Fig. 9 . Similarly, the conductivity exponent has been determined based on the extrapolation of ðN; TÞ to T ¼ 0 K. The results are summarized in Fig. 10 . The least-square fitting (solid curves in Fig. 10 ) for the wide range of concentration 0:25N c < N < 2:4N c yields ¼ 3:06 AE 0:25 and ¼ 0:97 AE 0:07, and they are found to satisfy the expected relation % 3 % 3 so that Wegner's relation ¼ . Our results, ¼ 3:06 AE 0:25, is in excellent agreement with Rentzsch et al.'s results, % 3, previously reported for two series of n-type NTD 74 Ge:As with K ¼ 0:38 and 0.54 in the concentration range 0:2 < N=N c < 0:91.
45) It was also shown by Katsumoto et al. that % 2 for compensated samples, 34) i.e., the combination of our results for deliberately compensated samples ¼ þ % 3 with Katsumoto's % 2 yields % 1 % that satisfies Wegner's scaling law. The significance of ¼ 3:06 AE 0:25 and ¼ 0:97 AE 0:07 for a wide range 0:25N c < N < 2:4N c of the K ¼ 0:32 series is the fact that they agree very well with ¼ 3:5 AE 0:8 and ¼ 1:2 AE 0:2 for a very narrow range 0:99N c < N < 1:01N c of the nominally uncompensated series. Figure 11 shows the finite temperature scaling of the K ¼ 0:32 series. For this purpose we have performed a leastsquare fitting with open circles only because the open circles cover a wide range of concentrations spanning both the insulating and the metallic phases, while filled circles cover only the limited regions of the insulating phase.
The solid curve in Fig. 11 is the best fit obtained numerically with x ¼ 0:33, y ¼ 0:32, a 0 ¼ 1:05, a 1 ¼ 4:55, a 2 ¼ À5:69, and a 3 ¼ 2:90 using eq. (12) . It is shown convincingly that the conductivity of the K ¼ 0:32 series (especially open circles for they are the data used for fitting) collapse to form one universal curve for a very wide range of concentration 0:25N c < N < 2:4N c . As expected, the value of the conductivity critical exponent ¼ x=y ¼ 1:01 AE 0:04 found from this analysis is in excellent agreement with ¼ 0:97 AE 0:07 determined by the zero-temperature extrapolation in Fig. 10 . The deviation of open and filled circles in Fig. 11 at lower temperatures is due to the fact that the data recorded in the present study ( ) extend to much lower temperatures. The open circles are expected to merge with filled circles when the measurements are extended to lower temperatures. However, one sees in Fig. 11 that each series ( and ) collapses onto a separate single curve and the difference between the two is very small. The result of the analysis with eq. (12) is practically unchanged even if we include both open and filled circles.
Results III: Effect of Magnetic Field
Similar to the effect of compensation, % 1 has been found experimentally for magnetic flux density B of the order of one tesla for nominally uncompensated semiconductors: Ge:Sb, 16, 46) Ge:Ga, 18) Si:B, 47, 48) and Si:P. 49) In order to discuss the effect of externally applied magnetic field on the nature of the MI transition, it is important to consider the length scale known as the magnetic length ffiffiffiffiffiffiffiffiffiffi h " =eB p . 50) When a variety of length scales such as the correlation length, thermal diffusion length, inelastic scattering length, spin scattering length, and spin-orbit scattering length are larger than , the system is considered to be in the ''magnetic-field regime''. The length scale of interest to us is the correlation length 0 on the metallic side (N > N c ) that diverges at N ¼ N c . When the field strength is weak, the ''magnetic-field regime'' where we assume % 1 to hold is restricted to a narrow region of the concentration around N c . Outside this region, the system crosses over to the ''zerofield regime'' where ¼ 0:5 is found. Such behavior is depicted in Fig. 12 where ðB; 0Þ, the zero-temperature conductivity at constant B, is plotted as a function of N=N c À 1. The shaded region in Fig. 12 is the ''magneticfield regime'' where < 0 , i.e., % 1, while outside of the region is the ''none-magnetic-field regime'' where > 0 , i.e., % 0:5. The correlation length 0 as a function of N=N c ð0Þ À 1 in Fig. 12 has been estimated assuming that values of the correlation length 0 are equal to the localization length given in Fig. 7 with the mirror symmetry around N c , i.e., ð1 À N=N c Þ ¼ 0 ðN=N c À 1Þ, since the exponent is the same and the amplitude ratio is usually of the order of unity. The exponent obtained for the ''magnetic-field regime'' by eq. (1) 1:1 AE 0:1 based on the analysis using eq. (1) with t B and t c B c . Figure 14 shows the finite temperature scaling of ðB; TÞ for B ¼ 2{6 T and T ¼ 50{500 mK for the metallic samples and B ¼ 2{6 T and T ¼ 100{250 mK for the insulating samples. These ranges of B and T have been chosen in order to ensure that ðB; TÞ of each sample is / T 1=2 with approximately the same d=dT in Fig. 13 . The solid curve in Fig. 14 is the best fit using eq. (2) 
Discussion
The critical exponents obtained for Ga:Ge are summarized in Table II . For the case of nominally uncompensated samples (K % 0) with B ¼ 0, % 0:5 is obtained for the wide concentration range 1:01N c < N < 1:4N c by the conventional extrapolation of ðTÞ to T ¼ 0. However, the finite temperature scaling is not applicable to this region. % 0:5 obtained from extrapolation is not equal to % 0:33, i.e., Wegner's scaling law of ¼ is not satisfied, though the prediction of the scaling theory 2 % seems to hold for the wide range in the insulating side. It is important to notice that all of % 0:5 previously reported for a variety of doped semiconductors (see Table I ) have been obtained for the wide range of concentrations on the metallic side by the extrapolation method, which means the behavior is universal. This situation changes dramatically if we limit the region to 0:99N c < N < 1:01N c . Both the finite temperature scaling and extrapolation to zero-temperature work, and Wegner's scaling law % % 1:2 and the prediction of the scaling theory 2 % are satisfied. Together with z % 3, all of the critical exponents we obtain for this narrow region of nominally uncompensated Ge:Ga agree with what have been obtained with nominally uncompensated Si:P by the Karlsruhe group. 9, 10) Again, this shows how universal this behavior for doped semiconductor is regardless of the material system (Si or Ge) and conduction type (n or p types). In fact, all of % 1 cases listed in Table I have been found by limiting the critical region very close to N c , as was done in our analysis.
For the case of intentionally compensated samples (K ¼ 0:32) with B ¼ 0, both the finite temperature scaling and extrapolation to zero-temperature work for a surprisingly large region 0:25N c < N < 2:4N c . Wenger's scaling law % % 1:0 and the prediction of the scaling theory 2 % are satisfied. z ¼ 3 is found from the finite temperature scaling.
For the case of nominally uncompensated samples (K % 0) with finite magnetic fields B > 0, the finite temperature scaling with B and T applies as long as the system is in the magnetic field regime, i.e., < 0 as shown in Figs. 12 and 14. % 1:0 and z % 2 have been determined for the magnetic field induced transition.
The most distinct feature in Table II is the fact that all of the critical exponents found for K % 0 with B ¼ 0 for 0:99N c < N < 1:01N c agree within their experimental errors with those for K % 0:32 with B ¼ 0. This is a strong evidence for the fact that the critical behavior in these regions is governed by the same physics, namely dopingcompensation, i.e., the width of the % 1 region is determined by the degree of doping-compensation. It appear to scale with the value of K and disappear for completely uncompensated (K ¼ 0) semiconductors. The experimental problem, of course, is that it is impossible to prepare K ¼ 0 samples both technologically and thermodynamically. 37) The reason for the wide scattering of critical exponents reported for nominally uncompensated systems in Table I may be very simple; researchers have employed samples prepared in different manners (leading to different values of K) and they probed a wide variety of widths around N c and/ or S c , i.e., some found ! 1 governed by the effect of unavoidable compensation and others found % 0:5 meas- uring the region further away from N c and S c . A perfectly uncompensated doped semiconductor is a half-filled Hubbard system where electron-electron interaction becomes more important with respect to the effect of disorder. On the other hand, compensation introduces more positively and negatively charged ionized impurities, which act as sources of disorders. This very simple picture phenomenologically describes why the critical exponents of the ''compensated region'', 0:99N c < N < 1:01N c of the K % 0 series and 0:25N c < N < 2:4N c of the K ¼ 0:32 series, agree with predictions of non-interacting theories. In the future it will be important to experimentally find how the width of the % 1 region scale with the value of K. Growth of single crystalline Ge with controlled mixture of 70 Ge and 74 Ge followed by NTD is the ideal way to prepare samples with a controlled range of compensations. 45, 51) There have been one experimental attempt to probe the critical exponents as a function of compensation. Rentzsch et al. have reported % 1:5 for the series with K ¼ 0:014 and 0.12.
44) However, they could not resolve the two independent regions, % 3:5 for away from N c and % 1 for near N c because the number of samples they evaluated was limited to six. It would be of a great interest for Rentzsch et al. to prepare more samples, identify the two regions, and determine how the width of the ''compensated region'' changes as a function of the compensation. Now we turn our attention to the effect of the magnetic field. The magnetic field, which breaks the time reversal symmetry, is expected to bring the system into a different universality class, leading to a different value of .
3,4)
However, % 1 obtained from the ''compensated region'' with B ¼ 0 agrees with ¼ x=y % 1 obtained from the transition of the K % 0 series in the constant magnetic field (Fig. 12) and by the magnetic field (Fig. 14) within their experimental errors. One may naively conclude from this observation that the effects of the compensation and magnetic field are the same. However, one should note that the dynamical exponent z % 3 for the compensation is different from z % 2 for the magnetic field. Therefore, the universality classes of the ''compensated region'' and the ''magnetic field region'' are different.
Concluding Remarks
We have performed a complete scaling analysis of the low temperature electrical conductivity of nominally uncompensated and deliberately compensated Ge:Ga samples. We have determined the critical exponents for conductivity, dielectric constant, and localization and correlation lengths, and have suggested that the large scattering in the values of the critical exponents shown in Table I is due to the effect of compensation.
All aspects of the % % 1 region dominated by compensation are in complete agreement with the predictions of the original scaling theory for non-interacting system.
2) The same results have been found for nominally uncompensated Si:P and other systems, i.e., the phenomenon is universal. While everything appears to be consistent with the picture of purely disorder driven transitions, two important issues remain. The first one is the fact that more advanced calculations for purely disorder induced transitions predict ¼ 1:57 AE 0:02 for the orthogonal universality class and ¼ 1:43 AE 0:04 for the unitary universality class, 52, 53) while our experiment finds % % 1. Electron-electron interaction may be responsible for this small difference even though the effect of disorder is dominant for this region. The second issue relates to the question why such a wide range of concentration (0:25N c < N < 2:4N c ) can be fitted with the finite temperature scaling for K ¼ 0:32 while theory is expected to be valid only in the vicinity of N c .
We believe that the % 0:5 region situated outside of the % 1 region is the intrinsic part of the uncompensated system. Many aspects of it do not agree with scaling theory: Wegner's scaling law is broken ( 6 ¼ ), the finite temperature scaling is not applicable, and % 0:33 severely violates the inequality ! 2=3. Although there have been a number of theoretical proposals to explain these anomalous phenomena, [54] [55] [56] [57] [58] [59] none of them have been accepted widely. The present experiment has revealed the anomalous aspects of the uncompensated system so unambiguously that it remains to be a theoretical challenge to describe such phenomena.
